Room-temperature perpendicular magnetic anisotropy ͑PMA͒ was observed in Ni/Pt multilayer films having 7-30 Å Ni and constant 3 Å Pt sublayer thickness, prepared by magnetron sputtering at an Ar sputtering pressure of 7 mTorr. To understand the origin of PMA, the magnetoelastic anisotropy was determined from delicate in situ stress and ex situ magnetostriction coefficient measurements. Tensile stress, inversely decreased with the Ni sublayer thickness, was observed in all samples prepared at this sputtering pressure while the magnetostriction coefficient was found to be negatively increased as the Ni sublayer thickness increased. From the measurements of stress and magnetostriction coefficient, we have found the magnetoelastic anisotropy of 2.88-4.72ϫ10 5 erg/cm 3 in the samples, which was large enough to overcome negative contributions from the surface and shape anisotropies. Thus, it could be concluded that the magnetoelastic anisotropy plays a major role in yielding PMA in this system. ͓S0163-1829͑99͒50110-0͔
Current research on ultrathin magnetic films is largely focused on searching for multilayered systems exhibiting room-temperature perpendicular magnetic anisotropy ͑PMA͒, where the easy direction of magnetization is perpendicular to the film plane. Applications of these systems to high-density magnetic and magneto-optical recording have been attracting particular attention. For this purpose, Co-or Fe-based multilayer films prepared by alternate deposition of transition metal ͑Co or Fe͒ and nonmagnetic element ͑Pd, Ag, Pt, Au, etc.͒ have been extensively investigated: Most systems have been reported to have a strong PMA when the thickness of transition metal Co or Fe was thinner than a few monolayers.
1-7 The Néel's surface anisotropy as a consequence of the reduced symmetry at an interface 8 and enhanced magnetocrystalline anisotropy due to altered electronic structure 9, 10 in a multilayer are considered to be the major origins for the observed PMA in Co-or Fe-based multilayer films: Thus, a positive interface contribution overcoming a negative volume one results in PMA in those systems.
In contrast, most Ni-based multilayers have been reported to show in-plane anisotropy at room temperature 7 and a theoretical investigation by Gay and Richter has also predicted in-plane anisotropy for monolayer Ni. 11 But very recently Shin et al. have reported room-temperature PMA in Ni/Pt multilayers having 7-26 Å Ni and 2.3-4.6 Å Pt layer thicknesses. 12 In this paper, we clarify the origin of the observed PMA in Ni/Pt multilayers by the determination of the magnetoelastic anisotropy from delicate in situ stress and ex situ magnetostriction measurements.
Ni/Pt multilayers were prepared by sequential dc magnetron sputtering onto glass substrates of 4 cm(l)ϫ1.1 cm(w) ϫ130 m(t) at an Ar sputtering pressure of 7 mTorr. The multilayers had different Ni sublayer thicknesses of 7-30 Å but had the same Pt sublayer thickness of 3 Å and number of repeats of 30. The samples will be designated by (t Ni Ni/t Pt Pt) n , where t Ni is the thickness of the nickel sublayer, t Pt is the thickness of the platinum sublayer, and n is the number of multilayer repeats.
Stress of Ni/Pt multilayers was measured in situ during the deposition using a homemade optical displacement detector. Details of the system have been described elsewhere. 13 Briefly, the displacement sensing probe, detecting a deflection of a substrate, was located behind the free end of the substrate in the cantilever geometry, where the back side of the substrate was coated by 1000-Å-thick Al. A change in the gap distance between the probe and the substrate, caused by stress of a film, was measured utilizing linearly changing response in the intensity of the reflected light with the gap distance. The sensitivity of the displacement probe was 132 mV/m and the minimum detectable displacement was 7.6 Å using a voltmeter of 100 V resolution: The probe turned out to be sensitive enough to detect displacement caused by a monoatomic layer deposition. Stress of a multilayer was determined from the change of the gap distance ⌬d using a well-known Stoney's formula as follows:
where E s , s , t s , and l are Young's modulus, Poisson's ratio, thickness, and length of a substrate, respectively, and ⌬h is the change of the film thickness. So, using E s ϭ1.51 ϫ10 12 dyne/cm 2 , s ϭ0.3, t s ϭ130 m, and lϭ4 cm for glass substrate and assuming a monoatomic layer deposition of ⌬hϭ2 Å, a minimum detectable stress using the probe was estimated to be 2.9ϫ10 7 dyne/cm 2 . The magnetostriction coefficient of multilayers was measured using the same displacement detecting system. The sample in the cantilever geometry was saturated along the film plane by an applied magnetic field up to 10 kOe and the saturation magnetostriction coefficient was determined using the following equation: where E f , f , and t f are Young's modulus, Poisson ratio, and thickness of a film, respectively. The resolution of the magnetostriction coefficient in this study was about 3.8 ϫ10 Ϫ7 . In Fig. 1 , we demonstrate a typical plot of the gap distance vs the deposition time measured at every 50 ms for a sample of (7-Å Ni/3-Å Pt) 30 . Here, the positive slope in the Ni sublayer and the negative slope in the Pt sublayer indicate the tensile and compressive stresses, respectively. This result is quite expected, since the d spacing of Ni in the ͑111͒ matching plane is 10.2% smaller than that of Pt. It is interesting to note from Fig. 1 that a large slope ͑i.e., a large tensile stress͒ in the Ni sublayer is developed at the beginning of the Ni-sublayer deposition on Pt and it relaxes to a moderate value before deposition of a half monolayer. We believe that this change of the slope is caused by a coherentto-incoherent transition with Ni thickness. A larger stress is expected in the coherent matching system than in the incoherent one. The coherent matching in the ͑111͒ planes of Ni and Pt is expected only for Ni/Pt multilayers with very thin sublayer thickness due to a large lattice misfit. The critical Ni thickness of a coherent-to-incoherent transition is theoretically estimated to be 1.2 Å, 7 which is consistent with the experimental observation in Fig. 1 . Figure 2 shows a plot of stress and magnetostriction coefficient as a function of the Ni sublayer thickness. Here, the value of stress is obtained from averaging the stress existing in each Ni sublayer calculated using Eq. ͑1͒ and the error bar corresponds to the variation of the stress in each sublayer. Stress in the Ni sublayer was tensile in all samples and inversely proportional to the Ni sublayer thickness, which again revealed the incoherent growth of Ni sublayer on Pt. In general, there are three possible sources of stress in a multilayer film caused by a difference of thermal expansion coefficient between the substrate and the film, sputtering process, and lattice mismatch of two constituents at the interface. We refer to these stresses as thermal stress, process stress, and incoherency stress, respectively. The thermal stress in Ni/Pt multilayers was estimated to be 6.4 ϫ10 8 dyne/cm 2 and thus, its contribution to the total stress of the samples could be negligible compared with other stresses. The process stress measured for a single film of Ni was 6.5ϫ10 9 dyne/cm 2 . Figure 2 shows that the average stress eventually approaches the value of the process stress of pure Ni film with increasing Ni sublayer thickness. Therefore, only the process stress seems to exist in Ni/Pt multilayers having thick Ni sublayers. This is quite expected since the incoherency stress is inversely proportional to the Ni sublayer thickness.
While with decreasing Ni sublayer thickness the magnetostriction coefficient was observed to decrease in magnitude and became nearly zero at 7-Å-thick Ni sublayer, with increasing Ni sublayer thickness it approached a bulk value of 2.8ϫ10 Ϫ5 . It therefore could be conjectured that the surface magnetostriction coefficient 17 is positive and becomes dominant with decreasing Ni sublayer thickness in the Ni/Pt multilayer system.
Using the data in Fig. 2 the stress-induced magnetoelastic anisotropy K was determined utilizing the relation of K ϭϪ3/2, and the magnetoelastic anisotropy of 2.88 ϳ4.72ϫ10 5 erg/cm 3 was obtained in our samples. In Fig. 3 , we plot the magnetoelastic anisotropy vs the Ni sublayer thickness, together with the effective magnetic anisotropy measured using a torque magnetometer. It can be seen from the figure that the magnetoelastic anisotropy is larger than the effective magnetic anisotropy by a factor of about 3 in all samples showing PMA. One could notice that the peculiar dependence of the effective magnetic anisotropy on the Ni sublayer thickness originates from the magnetoelastic anisotropy depending on the Ni sublayer thickness.
The effective magnetic anisotropy K u eff in Ni/Pt multilayers could be modeled phenomenologically by K u ropy. Since K d is given by Ϫ␣M s 2 , where ␣ is the demagnetization factor and M s is the saturation magnetization, both quantities should be known to estimate K d . The ␣ is 2 for a perfectly flat film, but it is structure sensitive and becomes smaller than 2 for an imperfect film having a rough surface. 18 We have determined the demagnetization factor in our samples by numerical calculation of the magnetic dipolar energy, considering real surface topology obtained from AFM measurement. It was found that ␣ was reduced to 83% compared to that of a perfect film. Details of the calculation will be published elsewhere. 19 The saturation magnetization was measured using a vibrating sample magnetometer. The saturation magnetization at room temperature was found to inversely decrease with decreasing Ni sublayer thickness and it became zero when the Ni sublayer thickness was smaller than 6 Å. In Fig. 4 we plot the saturation magnetization M s as a function of the Ni sublayer thickness t Ni for the multilayers of (t Ni Ni/3-Å Pt) 30 . From these data, together with the theoretical calculation of ␣, we have estimated K d of 0 to Ϫ3.73ϫ10 5 erg/cm 3 in our samples. It is worthwhile to point out from Fig. 4 that the dependence of M s on t Ni strongly indicates the existence of interfacial effects in the Ni/Pt multilayers. We believe that the magnetic moment of the Ni sublayer adjacent to the Pt sublayer is suppressed due to an overlapping between the d band of Ni and the conduction band of Pt. 20, 21 Therefore, Ni sublayers near the interfaces are expected to be nonmagnetic or less magnetic. In this circumstance the magnetization of the Ni sublayer in a multilayer might be expressed by a simple relationship of M ϭM 0 (1Ϫ2␦/t Ni ), where M is the Ni magnetization of a multilayer, M 0 is the magnetization of bulk Ni, and ␦ is the thickness of the nonmagnetic layer. Here, the factor 2 accounts for two interfaces for each Ni sublayer. Using this relationship we could well fit the dependence of the magnetization on the Ni sublayer thickness in Ni/Pt multilayers. The solid line in Fig. 4 was obtained from this equation with the values of M 0 ϭ343Ϯ32 emu/cm 3 and ␦ϭ2.7 Ϯ0.6 Å. This thickness of the nonmagnetic Ni sublayer is consistent with the experimental observation that the magnetization is zero for the Ni sublayer thinner than 6 Å.
Since the value of (K u Fig. 5 to examine the contributions of the magnetocrystalline and surface anisotropies. As seen in the figure this value increases with decreasing 1/t Ni and it approaches the magnetocrystalline anisotropy of bulk Ni for the samples having t Ni у18 Å. So, it is believed that K c of ϳ4.5ϫ10 4 erg/cm 3 exists in our samples, but it is about ten 
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times smaller than a typical value of K observed in the samples. The decreasing trend in the value of (K u eff ϪK d ϪK ) with increasing 1/t Ni implies a negative contribution of the surface anisotropy to the magnetic anisotropy of the samples. It therefore can be concluded that a positive magnetoelastic anisotropy overcoming negative contributions of the shape and surface anisotropies yields perpendicular magnetic anisotropy observed in our samples.
If our assertion that the stress-induced magnetoelastic anisotropy plays a major role in the magnetic anisotropy of Ni/Pt multilayers were true, one might naturally expect inplane anisotropy for the samples having compressive stress in the Ni sublayers, assuming that the magnetostriction coefficient remains negative. To test this scenario we have engineered stress in the Ni sublayer by varying an Ar sputtering pressure during the sample preparation, and we obtained a compressive-stress sample prepared at an Ar sputtering pressure of 1 mTorr. In Fig. 6 we demonstrate two torque curves of (14.5-Å Ni/3-Å Pt) 30 multilayers prepared at different Ar sputtering pressures of 1 and 7 mTorr. The sample made at an Ar sputtering pressure of 1 mTorr, which has compressive stress in the Ni sublayer, clearly shows in-plane anisotropy, whereas the sample made at an Ar sputtering pressure of 7 mTorr exhibits perpendicular magnetic anisotropy. This result provides further crucial evidence that the magnetoelastic anisotropy is mainly responsible for perpendicular magnetic anisotropy observed in our Ni/Pt multilayers.
In summary, we have investigated the origin of the roomtemperature PMA in Ni/Pt multilayers fabricated at an Ar pressure of 7 mTorr. By careful determination of the magnetoelastic anisotropy from stress and magnetostriction measurements, we have found that PMA of this system originated from the magnetoelastic anisotropy induced by tensile stress in the samples. The tensile stress in Ni layer was due to the multilayer structure which reset the incoherent growth of Ni every bilayer period. The behavior of the effective magnetic anisotropy with varying Ni sublayer thickness was quantitatively explained by a phenomenological model considering the magnetoelastic, magnetocrystalline, shape, and surface anisotropies. 
